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ABSTRACT: Four possible questions are newly prepared in order to solve “delayed compression/secondary 
consolidation” problems of natural clay. First question is on the mechanisms of the occurrence of delayed 
compression and/or secondary consolidation of natural clay. This difficult compression/consolidation of the 
clay will be shown to be quite similar to the “compaction” of loose sand, both of which proceeds with decay 
and/or collapse of soil skeleton structure without any significant increase in mean effective stresses. Second 
question is the applicability of the Asaoka’s method for predicting residual settlement. In usual cases the 
method works, but it tends to give significantly small prediction in case of delayed compression/secondary 
consolidation when the method is applied at very early stages of consolidation. What sort of natural clay does 
exhibit difficult delayed compression/secondary consolidation? This third question will be newly solved by in-
troducing the new “two soil indices.” The fourth question is on the counter-measures against delayed compres-
sion and/or secondary consolidation. We, Japanese soil engineers, have accumulated very many bitter experi-
ences of delayed compression/secondary consolidation for years. All the questions mentioned above will be 
discussed together with those severe experiences. 
1 INTRODUCTON  
From 1960’s to late 1980’s, the Japanese soil me-
chanics had long been occupied, for almost thirty 
years, by the researchers of “elastic visco-plastic 
theory” in order to simulate a so-called “time ef-
fect” of clay behavior. They also intended to pre-
dict “delayed compression/secondary consolida-
tion” of natural clay in engineering practices. 
However, “visco-plastic constitutive models” had 
solved, unfortunately, extremely little, particularly 
for engineering purposes. After being tried in the 
bitter experience at the Kanda embankment site of 
Joban Express Way, the Japan Highway Public 
Corporation totally changed their design philoso-
phy, i.e., “allowable residual settlement” totally 
disappeared from their official design code, which 
is the story of the mid 1980’s, and it still continues 
until now (Japan Highway Public Corporation, 
1998). This must be the defeat of the theoretical 
soil mechanics. Even now, they are saying that no-
body can predict residual settlement and therefore, 
no soil engineers are able to be responsible for the 
occurrence of delayed compression/secondary con-
solidation. “What’s done cannot be undone” must 
have been the design philosophy for delayed com-
pression/secondary consolidation for more than 
these twenty years in Japan.  
The author is introducing, in this study, the 
case records of road embankment problems on soft 
clay. However, he must state that an “accident” 
happened at the Kansai Int. Air Port, which was 
constructed on the manmade island reclaimed from 
the sea, cannot be an exception from this design 
philosophy. It is said that they spent money almost 
twice for the completion of this reclamation. The 
long lasting settlement of this airport island has al-
ready exceeded fourteen meters and not yet come 
to a complete stop. For this accident, however, no 
soil engineers and no public officials had ever been 




arrested before. The author is afraid, then, that the 
topic presented here may be beyond/behind the 
“forensic soil engineering.” 
 
2 WHAT IS THE POSSIBLE MECHANISM OF 
THE “SECONDARY CONSOLIDATION” OF 
NATURAL CLAY?  QUESTION 1  
2.1 Decay/collapse of soil skeleton structure and 
loss of overconsolidation 
The theoretical solution for the QUESTION 1 can 
be summarized as follows: Delayed compres-
sion/secondary consolidation occurs due to the de-
cay/collapse of highly developed soil skeleton 
structure, which is, then, quite similar to “compac-
tion/densification” of loose sand. Both proceed 
with no significant increase in mean effective 
stresses. 
Naturally deposited clays/sands are mostly 
found in structured state and they are also more or 
less at overconsolidated state. The state of structure 
and the state of overconsolidation are both me-
chanical states, and they vary with ongoing plastic 
deformation (evolution laws). Here, the most im-
portant thing is that “decay/collapse of soil skele-
ton structure” always acts on the direction of 
plastic volume compression, while the “loss of 
overconsolidation” acts on the direction of plastic 
volume expansion. Readers may remember their 
intuitive interpretations like “volume compression 
with the card house-like collapse of soil skeleton 
structure” and “volume expansion due to the pro-
gressive loss of interlocking bonds between soil 
particles” in classical soil mechanics text books. 
These have been now completely solved in terms 
of the theory of elasto-plasticity by introducing 
super-sub loading yield surfaces (see Fig.1). De-
tails of the super-subloading yield surface Cam 
Clay model (SYS Cam Clay model) can be found 
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Fig. 1 Three loading surfaces in q – p’ space (after 
Asaoka et al., 2002). 
When decay of soil skeleton structure and loss 
of overconsolidation both proceeds as plastic de-
formation proceeds, one may raise a simple ques-
tion, i.e., “For a given rate of plastic deformation, 
which one proceeds faster, decay of soil skeleton 
structure or loss of overconsolidation?” This and 
only this question will clarify the difference be-
tween clay and sand, see Fig.2. In this figure gra-
dation between clay and sand suggest that there ex-
ist, continuously, various types of intermediate 
soils between them. In case of loose sand the col-
lapse of soil skeleton structure proceeds very fast 
even with a small amount of plastic shear defor-
mation, and the sudden collapse of structure in 
sand can be called compaction (Fig.3). (For de-
cay/collapse of soil skeleton structure being to oc-
cur, plastic shear deformation is “ten times” more 
effective than plastic volumetric deformation, 
which is commonly true for all soils from sand to 
clay.) If compaction occurs under undrained condi-
tion with no volume change, elastic volume expan-
sion should appear in order to compensate plastic 
volume compression. This leads to a sudden loss of 
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due to gradual decay of soil skeleton structure 
 
 
Fig. 3 Compaction of sand and secondary consoli-
dation of clay. 




In the contrary case of clayey soils, a near total 
loss of overconsolidation is followed by a very 
gradual decay of structure, which leads to delayed 
compression/secondary consolidation. This is also 
found in Fig.3. Previously, soil mechanics re-
searchers assumed that, for the delayed compres-
sion/secondary consolidation to occur, consolida-
tion pressure was to stride over “consolidation 
yield stress”. This can naturally be accepted from 
the difference between sand and clay, i.e., clay 
looses its structured state after coming back to a 
normally consolidated state, as just stated in the 
beginning of this paragraph. 
 
The SYS Cam Clay model mentioned above 
describes all these mechanical features of the soil 
consistently from sand through intermediate soil to 
clay by manipulating evolution laws of both struc-
ture and overconsolidation. 
2.2 Joban Expressway embankment at Kanda site 
Kanda embankment site on Joban Expressway is 
about 100km’s north east of Tokyo. The embank-
ment was constructed more than 28 years ago, but 
consolidation settlement has not yet come to a 
complete stop even now, which is shown in Fig.4. 
The detailed investigation and numerical analyses 
were only to start in these five/six years by Nagoya 
University Soil Mechanics Group (Noda et al., 
2005), essential points of which are summarized in 
this section. The computer program used there is 
GEOASIAⓇ the name of which comes from “All 




















Fig. 4 Settlement behavior observed in-situ. 
 
The embankment cross section is given in Fig.5 
together with finite element array. Multilayered 
soft alluvial clay deposit is topped by another thick 
deposit of medium dense sand. Sophisticated soil 
tests clarified that the clay layer 2 was initially at 
highly structured state.  Initial conditions of state 
variables are given in Fig.6. Material parameters of 
the clay and of the sand for the SYS Cam Clay 
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Fig. 6 Initial conditions of state variables. 
 
Table 1. Material parameters of the clay and of the sand 













Numerical analysis clearly shows progressive 
failure of soil skeleton structure with space and 
with time (Fig. 7).  
Typical soil element behavior during delayed 
compression/secondary consolidation is shown in 
Fig.8, which is very close to the behavior of com-
paction of loose sand during repeated shear stress 
application, see Fig.9.  
In Fig.8, repeated increase and decrease in 
mean effective stress occur due to migration of 
pore water during progressive failure of soil skele-
ton structure. Migration of pore water can also be 
found in pore pressure behavior. Not dissipation 
but even rise in pore pressure was observed in situ 
(Fig.10), and the same is true in the results of nu-
merical analysis (Figs. 7 and 8). 
Sand Clay  1 Clay 2 Clay  3 Embankment
Elastoplastic parameter
    Compression index λ 0.05 0.12
    Swelling index κ 0.012 0.02
    Critical state constant M 1.00 1.3
    Intercept of normal consolidation line N 1.99 2.05
    Poisson ratio ν 0.3 0.3
Evolution parameter
    Structure degradation index a , b, c 2.63,1.0,1.0 4.0,1.0,1.0
    Normal soil consolidation index m 0.08 0.9
    Totational hardening index b r 0.514 3.0
    Critical constant of rotational hardening m b 0.5 0.5
Permiability coefficient k (cm/sec) 4.0×10-2 1.0×10-4


















































































Fig. 8 Typical soil element behavior during sec-
ondary consolidation. 
 
3 DOES ASAOKA’S METHOD WORK WELL? 
QUESTION 2 
Here examined is how delayed compres-
sion/secondary consolidation looks like particular-
























Fig. 9 Compaction of loose sand during repeated 
























Fig. 10 Field observation of the increase in pore 
pressure. 
 
clearly show advantages as well as limitations of 
the Asaoka’s method (Asaoka, 1978). 
 
At the Kanda embankment site, two types of 
construction method were comparatively exam-
ined. Embankment A was built on the original 
ground with no soil improvement, while Embank-
ment B was constructed on the ground improved 
by “sand drain” method. As far as original 
soil/ground conditions are concerned, there is al-
most no difference between Embankment A and 
Embankment B. This is shown in Fig.11.  
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Point A Point B
・15-18 m  thick layer
・High natural water content （wn=70~110%)
・Low permeability (k = 10-7~10-8cm/sec)
Embankment A
(without soil improve ent)
Embankment B
(Sand drain): Embankment
: Soft alluvial clay
 
 
Fig. 11 Two embankments with and without sand 
drains. 
 
Two embankments exhibited two distinct set-
tlement behaviors, which were observed in situ for 







































Fig. 12 Two distinct settlement behaviors. 
 
When sand drain method is applied to the high-
ly structured clayey ground, “cavity expansion” 
due to sand pile installation yields higher amount 
of collapse of soil skeleton structure than em-
bankment construction works without sand drains, 
which causes higher amount of total settlement in 
sand drain areas. The collapse of soil skeleton 
structure due to cavity expansion proceeds under 
almost undrained condition, after which embank-
ing is to start. Therefore, settlement that proceeds 
after embankment construction is quite similar to 
the consolidation settlement of liquefied sand lay-
er after the occurrence of an earthquake. It should 
also be noticed that the settlement rate is accelerat-
ed with improved permeability due to sand piles. 
All these things are clearly observed in Fig.12. 
Observational settlement prediction (Asaoka 
method) was first applied using settlement obser-
vations obtained during preloading procedure from 
















 (without soil improvement)
∆t = 42 day
 
 
Fig. 13 Asaoka’s construction using observations 
at very early stages of consolidation (1980/10 to 
1981/11) 
. 
In Embankment B, it is clearly seen that 
Asaoka’s method cannot be applied at all for the 
settlement that proceeds due to collapse of soil 
skeleton structure. In Embankment A, de-
cay/collapse of soil skeleton structure has not yet 
started. Therefore, Asaoka’s method gives a small 
prediction. 
 
In order to grasp overall response of Asaoka’s 
method, settlement at Kanda embankment site was 

































Fig. 14 Settlement behavior computed 100 years 
into the future. 




SYS Cam Clay model (Fig. 14), from which Fig.15 
follows. 
 
Initialsettlement prediction made in the 
primary stage always gives us a small 
prediction, which is, of course,  due to 
the successive occurrence of 
gradual decay of soil skeleton structure.
 
 
Fig. 15 Overall settlement behavior on Asaoka’s 
diagram before and after decay of soil skeleton 
structure. 
 
As can be seen in Fig. 15, initial settlement 
prediction made in primary stages of consolidation 
always gives us a small prediction. 
 
4 IS IT POSSIBLE TO DISTINGUISH 
DIFFICULT CLAY FROM THE OTHERS? 
QUESTION 3 
 












































Fig. 16 More than 50 road embankments on soft 
alluvial clay deposits. 
 
Japan Highway Public Corporation has ever con-
structed more than 50 road embankments on soft 
alluvial clay deposits (Fig.16). Among which, 
more than 20% of the embankments have exhibited 
miserable residual settlement of more than 1m or 
more after entry of services.  
Some examples are shown in Figs.17 – 19, and 
Table 2. As seen in this table, embankment height 
and thickness of clay layer alone are not sufficient 
parameters to distinguish difficult sites from the 
























































































6 years after entry of service




































Fig. 19 Experience in Nakajo.  



















Measuring point after the
entry of service (year)
＜Small residual settlement＞
A 5.7 30 30 20
B 7.7 28 67 20
C 7 23 38 20
D 6.8 14 29 20
E 6 13 55 20
F 9 11 26 10
G 10 10 3 10
＜Large residual settlement＞
H 8 25 112 12
I 9 16 188 16
J 7.5 31 122 20
K 5 22 200 25
 
 
4.2 The two important indices of natural clay  
Nagoya University Soil Mechanics Group newly 
proposed two soil indices in order to distinguish 
difficult clay from the others (Inagaki et al., 2010). 
Difficult clay is the clay that exhibits delayed 
compression/secondary consolidation when ap-
plied load is striding over “consolidation yield 
stress”. First soil index is the sensitivity ratio St  
and the second one is the compression index ratio 
Cc/Ccr. 
Sensitivity ratio given in Fig.20 clearly indi-
cates how bulky the clay is, i.e., the degree of soil 
skeleton structure. Bigger the sensitivity ratio, the 
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Fig. 20 Sensitivity ratio St (=qu/qur). 
 
On the other hand, “compression index ratio 
Cc/Ccr” the definition of which is given in Fig.21 
will show how rapidly the collapse of soil skeleton 
structure proceeds. Bigger the compression index 
ratio, more easily secondary consolidation pro-
ceeds even with a small amount of applied load.  











































Ccr = 0.007(wL – 10) (1) 
may be helpful, in which wL is a liquid limit (%). 
 
Many of the experiences that have been accu-
mulated so far by Japan Highway Public Corpora-
tion are plotted in a single St - Cc/Ccr diagram 
(Fig. 22). 
 
























: Small residual settlement





Fig. 22 St - Cc/Ccr diagram. 
 
Readers will recognize that difficult soils can be 
clearly distinguished from the others when border 
lines for the distinction are introduced in the St - 
Cc/Ccr diagram as follows: 
 
St  > 8.0,  and  Cc/Ccr > 1.5 (2) 
 
The typical two distinct soil behaviors are shown 
in Fig.23. 
 



















































































































Fig. 23 Typical two distinct soil behaviors. 
 
The Japanese “theoretical” elasto-plastic soil 
mechanic has long been led by the people who 
learned things from the classical Cam Clay model. 
Most of them spent their time in Cambridge Uni-
versity in 1970’s and early 1980’s. The Cam Clay 
model is, however, no more than the model of the 
fully remolded artificial clay. This must be the 
possible reason why Japanese Geotechnical Socie-
ty (JGS) has not yet established, even now, their 
official testing standard for measuring “sensitivity 



































Fig. 24 Mikasa’s diagram for estimating sensitivity 
ratio St 
 
Again, when fully remolded samples are not 
available, it is impossible to get sensitivity ratio St. 
In such cases, the sensitivity ratio can roughly be 
estimated from undrained shear strength cu and liq-
uid index IL 
They say that Fig. 24 was first established by 
Professor M. Mikasa of Osaka City University in 
late 1960’s.  
5 WHAT ARE THE POSSIBLE 
COUNTERMEASURES? TO WHAT EXTENT 
ARE THEY EFFECTIVE? QUESTION 4 
In Kanda embankment site on Joban Expressway, 
“Sand Drain Method” was examined by comparing 
the case without sand drains. Fig.12 clearly shows 
advantages and limitations of the “Sand Drain 
Method,” the discussion of which has already been 
given briefly/essentially in section 3. 
 
Another case record comes from Nakajo Site on 
Nihonkai-Tohoku Expressway (see, Fig.19). In this 
site, contrary to Embankment B in Kanda site, em-
banking was carried out without the use of any ar-
tificial drainage method for the original clay stra-
tum like sand drains. This is because the soft clay 
layer in the site was topped by a thick sand deposit 
on it. Residual settlement has already reached 
70cm in the first 4 years after the entry into ser-





Fig. 25 Settlement observation at Nqakajo em-
bankment site on Nihonkai Tohoku Expressway 
 
The clays at Nakajo site were found to have had 
a high potential for the occurrence of large residual 
settlement/secondary consolidation, which can be 
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clearly seen when the “St – Cc/Ccr diagram” is ap-
plied (Fig.26) to this site, although the diagram 




Fig. 26  Severe soil conditions at Nakajo site 
found on the St - Cc/Ccr diagram 
 
Numerical analysis by GEOASIAⓇ was again 
asked for solving the problem in this site (Fig.27). 
 
Fig. 27 Complex soil conditions at the Nakajo site 
 
In the first stage of analysis, the settlement be-
havior observed for the first five years was simu-
lated up to the present time, through which neces-
sary but unknown/uncertain soil parameters are 
definitely identified. Future behavior of the clay 
foundation is then predicted using the same param-
eters/soil conditions, which is nothing but the ob-
servational procedure by Terzaghi. For the de-
tailed analysis method and its performance, refer to 
Tashiro, et al. (2011). 
Predictive computation was made 100 years in-
to the future, which is shown in Fig.28. 
 
Fig. 28  Settlement behaviour at Nakajo site with 
the predictive settlement 100 years into the future 
 
Counter measures that are possible even after 
the finish of embanking and/or after the road ser-
vice are quite limited. The two alternatives were 
examined in this site. First one is the “overlaying” 
and the other, “lightweight banking method”. In 
“overlaying,” 30-cm thick overlays are continu-
ously repeated for every 30cm of settlement. In 
“lightweight banking method” they were intending 
to replace the existing embankment with light 
weight embankment material such as EPS and oth-
ers. 
The two alternatives as a possible countermeas-
ure for this site were numerically compared, essen-
tial points of which are shown in Figs.29 and 30. 
Although the total settlement would reach 3m’s, 
they decided “overlaying”. They are now expect-
ing, in this site, 30cm thick overlays to be repeat-
edly carried out 10 times over the next 60 years! 
 
Fig. 29 Overlaying method 
The “lightweight banking method” was found 
less effective (Fig.30). Once the collapse of soil 
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30cm thick overlays are
repeatedly carried out
10 times over next 
60 years !
Overlay
Settlement comes to 
a complete stop at 3m
after the next 60 years.














































































skeleton structure started, nothing can be done! 
Remember “What’s done cannot be undone!?” 
 
 
Fig. 30 “Lightweight banking method” that replac-
es original banking materials with reduced weight 
materials after the finish of embanking. 
6 CONCLUSION 
Delayed compression and/or secondary consolida-
tion of natural clay was quite similar to the “com-
paction” of loose sand, both of which proceed with 
progressive failure of soil skeleton structure with 
time and with space, which is possible to occur 
without any significant increase in mean effective 
stresses/compressive effective stresses. This will 
be the fact that the theory of visco-plasticity is dif-
ficult to clarify. 
The conventional elasto-plasticity theory, like 
Cam-Clay model, had also long been difficult to 
solve the problem before they newly got the con-
ception of super-subloading yield surfaces. These 
loading surfaces describe the decay/collapse of soil 
skeleton structure as well as the loss of overconsol-
idation consistently, both of which proceed as plas-
tic deformation proceeds. 
The Asaoka’s method for predicting residual 
settlement tends to give significantly small predic-
tion in case of delayed compression/secondary 
consolidation, when the method is applied at very 
early stages of consolidation. 
Natural clay that exhibits difficult delayed 
compression/secondary consolidation is preferable 
to be distinguished from the others beforehand, for 
which purpose the use of “sensitivity ratio” and 
“compression index ratio” is newly recommended. 
“What’s done cannot be undone” has long 
been a single design philosophy for this problem 
for years until now in Japan. Even the “accident” at 
the Kansai Int. Air Port cannot be an exception, 
because this accident has long been outside the so-
called “forensic” matters.  
Soil mechanics and/or geotechnical engineering 
has been regarded as a typical “empirical technol-
ogy.” Even now it is occasionally said that ge-
otechnical engineering is belonging not to the “sci-
“science” but to the “art.” However, not art but 
science must be expected to solve soil engineering 
problems, particularly after the bitter experiences 
in “Tohoku” and “Fukushima.” 
ACKNOWLEDGMENTS 
The author is grateful to Dr. Y. Iwasaki, the co-
chairman of this symposium, who asked the author 
consistently to share the theme of this conference. 
Both Nagoya University Soil Mechanics Group 
and the GEOASIA Research Society are also grate-
fully acknowledged. They presented necessary 
documents for the author. All the computations in 
the present study were carried out using the com-
puter program GEOASIAⓇ. 
REFERENCES  
Asaoka, A. (1978). “Observational procedure of settlement 
prediction.” Soils and Foundations, 18(4), 87-101. 
Asaoka, A., Nakano, M. and Noda T. (2000). “Superloading 
yield surface concept for highly structured soil behavior.” 
Soils and Foundations, 40(2), 99-110. 
Asaoka, A., Noda, T., Yamada, E., Kaneda, K., and Nakano. 
M. (2002). “An elasto-plastic description of two distinct 
volume change mechanisms of soils.” Soils and Founda-
tions, 42(5), 47-57. 
Asaoka, A. (2003). “Consolidation of clay and compaction of 
sand, - an elasto-plastic description -.” Keynote Lecture, 
Proc. 12th Asian Regional Conf. on Soil Mechanics and 
Geotechnical Engineering, Singapore, Vol. 2, 1157-1195. 
Inagaki, M., Nakano, M., Noda, T., Tashiro, M., and Asaoka, 
A. (2010). “Proposal of a simple method for assessing the 
susceptibility of naturally deposited clay grounds to large 
long term settlement due to embankment loading.” Soils 
and Foundations, 50(1), 109-122 
Japan Highway Public Corporation (1998). “Design Gudeline 
(Sekkei yo-ryou).” Earthworks-Countermeasures for Soft 
Ground (in Japanese). 
Noda, T., Asaoka, A., Nakano, M., Yamada, E., and Tashiro, 
M. (2005). “Progressive consolidation settlement of natu-
rally deposited clayey soil under embankment loading.” 
Soils and Foundations, 45(5), 39-51. 
Tashiro, M., Noda, T., Inagaki, M., Nakano, M., and Asaoka, 
A. (2011) Prediction of settlement in natural deposited 
clay ground with risk of large residual settlement due to 
embankment loading, Soils and Foundations, 51(1), 133-
150. 






































It was difficult to keep the 
prescribed embankment height
at this site.
